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A pseudorabies virus (PrV) mutant, deficient in the nonessential glycoprotein E (gE) and expressing the LacZ gene (gE0
bgal/ PrV), and its rescued virus were inoculated intranasally in mice. The median lethal dose of gE0 bgal/ PrV was similar
to that of the parental Kaplan strain, but mice survived longer and did not develop symptoms of pseudorabies. In the nasal
mucosa, gE0 bgal/ PrV replicated less efficiently than rescued virus. gE0 bgal/ PrV could infect first-order trigeminal and
sympathetic neurons innervating the nasal mucosa. However, transneuronal transfer to second-order cells groups did not
occur in trigeminal pathways and was severely reduced in sympathetic pathways. The mutant was also unable to propagate
in the parasympathetic system. In contrast, gE-rescued virus was transferred transneuronally in trigeminal, sympathetic,
and parasympathetic pathways, like wild-type PrV. These findings provide further evidence that deletion of gE specifically
affects transneuronal transfer of PrV more than penetration and multiplication of the virus in first-order neurons. q 1996
Academic Press, Inc.
Pseudorabies virus (PrV) causes Aujeszky’s disease The glycoprotein E (gE) is important for the expression
of virulence of PrV (9, 13, 15, 25). Depending on the hostin pigs, which provokes severe economic losses. Pigs
are usually infected via the intranasal route by inhaling cell, gE is involved in cell-to-cell spread of virus (40) and
promotes the release of PrV (24, 26, 39). In the animal,virus aerosols (38). As for other a-herpesviruses, the neu-
roinvasiveness of PrV is mediated by virus uptake at deletion of gE results in a reduction of the categories of
neurons infected by transneuronal transfer after inocula-nerve endings, followed by transneuronal transfer be-
tween connected neurons and local (cell-to-cell) spread tion into the rat vitreous body or the heart (4, 5, 10, 32,
33, 37 ). After intranasal inoculation in pigs, it has beenbetween neighboring cells (1, 2, 9, 19, 22, 35, 36). Some
shown that PrV mutants having a deletion in the gE geneglycoproteins on the virus envelope are involved in the
cannot propagate in olfactory and trigeminal pathwaysattachment and penetration of PrV to target cells. At least
(11, 17, 29), but it has not been determined whether thesenine glycoproteins have been described so far that are
mutants can infect sympathetic and parasympathetichomologues of glycoproteins identified in the closely re-
neurons that innervate the nasal mucosa.lated herpes simplex virus type 1 (HSV 1) (28). Conse-
After intranasal inoculation in mice, PrV propagates toquently, their denomination has been unified in July 1993
first- and second-order neurons in trigeminal, sympa-following the original HSV 1 nomenclature. Five PrV gly-
thetic, and parasympathetic pathways, whereas the ol-coproteins (gB, gD, gH, gK, and gL) (previously desig-
factory system is only rarely infected (2, 31). The aim ofnated gII, gp50, gH, gK, and gL) are essential for viral
the present study was to analyze the role of gE in thereplication in cell culture. Three other glycoproteins (gC,
propagation of PrV in these pathways, using a gE0 bgal/gE, and gI) (previously designated gIII, gI, and gp63) are
PrV mutant and a gE-rescued virus, constructed fromnonessential, but have been implicated in important viral
Kaplan PrV. To generate gE0 bgal/ PrV, a plasmid bear-functions such as target cell recognition and virulence.
ing the SalI/BamHI subfragment A of PrV BamHI fragmentNo specific function has been assigned to glycoprotein
7 (23) was opened with BstEII, which cuts at the begin-G (previously gX), and gG-negative PrV mutants behave
ning of the gE gene, and a SalI/BamHI fragment con-like wild-type PrV in animal models as well as in cell
taining the LacZ gene under the control of the gG promo-culture (1, 2, 16).
tor was inserted using BamHI linkers (27 ). After cotrans-
fection of viral DNA and plasmid into African green
monkey kidney (Vero) cells, blue plaques were purified.1 To whom reprint requests should be addressed.
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To obtain rescued virus, virion DNA of gE0 bgal/ PrV
was cotransfected in Vero cells with the DraI/BamHI sub-
fragment of BamHI fragment 7, which encompasses the
gE gene. Restoration of gE led to the elimination of the
bgal cassette. The phenotype of gE-negative and res-
cued viruses was ascertained by means of immunopre-
cipitation and Western blot analysis using the antibody
3/6 directed against gE (21). The viruses were propa-
gated in Vero cells. Supernatants were harvested 72 hr
postinfection (p.i.) and concentrated (6).
The median lethal dose (LD50) of gE
0 bgal/ PrV was
established by means of inoculation of 3 ml of 10-fold
dilutions of virus into the right nostril of female Swiss
mice (age, 7 weeks) anesthetized with equithesine (20).
Mice were kept under observation for 21 days or sacri-
ficed when moribund and the LD50 was calculated ac-
cording to Karber (14 ). The LD50 of gE
0 bgal/ PrV (140
PFU) was not significantly different from that of the paren-
FIG. 1. Infection of the trigeminal ganglion (TG) (A, C, E) and the
tal Kaplan strain (74 PFU) (2). However, mice infected superior cervical ganglion (SCG) (B, D, F) (first order) at different times
with gE0 bgal/ PrV died at 100–118 hr p.i. with no special after intranasal inoculation of 106 PFU of gE0 bgal/ PrV (gE0, C–F) (X-
gal detection and neutral red counterstaining, see ref. 2) and gE-res-symptoms except a hunched position, whereas mice in-
cued virus (gE-R, A, B) [PrV immunofluorescence: Sections were incu-fected with rescued virus or Kaplan PrV died at 50–53
bated sequentially with 0.1% Triton X-100 (30 min), rabbit anti-PrV serumhr p.i. with ‘‘mad itch.’’ Thus, the virulence of gE0 bgal/
(overnight at 47, dilution 1:1000), rhodamine-conjugated goat anti-rabbit
PrV was similar to that of wild-type PrV, but the mutant IgG (1 hr at 47, dilution 1:300)]. With rescued virus, the TG and SCG
allowed a longer survival and did not induce the typical are heavily infected at 52 hr p.i. (A, B). At this time, infection of TG and
SCG with gE0 bgal/ PrV is very limited (C, D), but increases later (E,symptoms of pseudorabies. This is in keeping with previ-
F). Even at 118 hr, infection of TG with gE0 bgal/ PrV (E) is lessous reports (11–13, 30).
extensive than that with rescued virus (A). In contrast, infection of theThe propagation of gE0 bgal/ PrV and rescued virus
SCG with gE0 bgal/ PrV at 118 hr (F) is comparable to that produced
was studied in the respiratory and olfactory epithelium by rescued virus at 52 hr (B). Bars: (A–B) 160 mm; (C–F) 100 mm.
as well as in all categories of neurons innervating the
nasal cavity. For histological analysis, mice received in-
tranasal inoculation of 3 ml containing 106 PFU of gE0 in some animals (Table 1). The main olfactory bulb
(MOB), which receives input from the olfactory epithe-bgal/ PrV or gE-rescued PrV. They were sacrificed at
sequential intervals from 6 to 118 hr after inoculation of lium, was never infected (Table 1). This is not surprising,
since the murine olfactory epithelium is not very permis-gE0 bgal/ PrV and at 52 hr after inoculation of rescued
virus. Mice were transcardiacally perfused with phos- sive even to wild-type PrV, and infection of the MOB with
this virus is either absent or very limited in extent at thephate-buffered saline (PBS), 4% paraformaldehyde, and
20% sucrose in PBS (1). The superior cervical ganglion time of death of the animals (50–53 hr p.i.) (2).
In the respiratory epithelium of gE0 bgal/ PrV-infected(SCG) and spinal cord were dissected and kept in 20%
sucrose–PBS for 24 hr at 47. The head was decalcified mice, a few hundred bgal-positive cells were observed
at 6 hr p.i. and the number increased to a few thousandin 0.1 M EDTA in PBS for 10 days at 47 and kept in 20%
sucrose–PBS for 24 hr at 47. Tissues were frozen at0707 at 24 hr p.i. (Table 1). Infected cells were distributed in
clusters in two areas facing each other in the anteriorand cut in transverse sections that were collected on
slides. For detection of the b-galactosidase marker, tis- part of the nasal cavity. Even at 100–118 hr p.i., the
infection did not spread to the vomeronasal organ, thesue sections of gE0 bgal/ PrV-infected mice were re-
acted with the substrate X-gal (2). Detection of rescued blood vessel walls, and the secreting mucus glands,
which were heavily infected at 50–53 hr after inoculationvirus, which no longer expresses the b-galactosidase,
was based on immunofluorescence (see Fig. 1). We have of rescued virus. Therefore the multiplication of the gE0
bgal/ PrV in the nasal cavity was reduced and exclu-shown that bgal histochemistry and PrV immunofluores-
cence methods of detection produce very similar results sively involved the respiratory epithelium.
The gE0 bgal/ PrV mutant was able to infect first-order(2). We have also verified in cell culture that the bgal
staining is not reduced by fixation with 4% paraformal- neurons innervating the nasal cavity. In the first relay
of sympathetic pathways, i.e., the SCG, a few infecteddehyde.
With gE0 bgal/ PrV, infected cells in the olfactory epi- neurons could be detected at 24 hr p.i. (Table 1). At
52 hr p.i., infected neurons in the SCG became morethelium could not be detected at 6 hr p.i. Later (24–118
hr p.i.), a few foci of infected cells were observed only numerous (Table 1, Fig. 1D). From 76 hr p.i., the infection
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TABLE 1
Infection of Respiratory Epithelium and Neuronal Pathways by the gE0 bgal/ PrV Mutant after Intranasal Inoculation
Trigeminal Sympathetic Olfactory
Parasympathetic
Spinal Superior Main
Time Trigeminal trigeminal cervical Spinal Superior Olfactory olfactory
postinoculation Respiratory ganglion nucleus ganglion cord salivatory epithelium bulb
(hr) epitheliuma (TG)b (Sp5) (SCG) (IML) nucleus (SSN) (OE) (MOB)
24 3000 4 0 10 0 0 0 0
24 1600 4 0 1 0 0 10 0
24 3000 4 0 6 0 0 0 0
24 3000 76 0 19 0 0 0 0
24 4000 86 0 30 0 0 0 0
52 104 370 0 540 0 0 0 0
52 104 610 0 /// 1 0 2 0
52 104 410 0 410 0 0 0 0
52 104 350 0 800 5 0 10 0
52 104 250 0 530 0 0 0 0
76 104 280 0 /// 0 0 0 0
76 104 770 0 /// 87 0 0 0
76 104 710 0 /// 59 0 0 0
100 104 1440 0 /// 34 0 0 0
100 104 390 0 /// 0 0 4 0
100 104 910 0 /// 10 0 10 0
100 104 290 0 /// 0 0 0 0
100 104 1400 0 /// 0 0 6 0
118 104 2950 0 /// 17 0 0 0
Note. Inoculum, 106 PFU/mouse (age of mice, 7 weeks). Each line corresponds to one injected animal. ///, pronounced labeling.
a The number of infected cells was only estimated, due to the blurred appearance of labeling.
b Labeled cells were counted in one section out of two and the number was doubled to approximate the total.
involved more than 80% of the neurons (Table 1, Fig. 1F), 1E), but local spread within the TG was limited. With
rescued virus, infection of the TG was more efficient,as already obtained at 52 hr p.i. with rescued virus (Fig.
1B). Thus, the kinetics of invasion of the SCG was slower involving several thousands of neurons at 52 hr p.i. (Fig.
1A). Anterograde transneuronal transfer from the TG towith gE0 bgal/ PrV than with rescued virus. In the SCG,
separate sets of neurons supply the ear and eye, in addi- the ipsilateral spinal trigeminal nucleus (Sp5) never oc-
curred with gE0 bgal/ PrV even at 118 hr p.i. (Table 1,tion to the nasal mucosa (34 ). Therefore, the massive
infection of the SCG cannot exclusively reflect the uptake Fig. 2F). In contrast, the Sp5 was already heavily infected
by rescued virus at 52 hr p.i. (Fig. 2E).of virus from the nasal mucosa and must be due to local
spread of virus within the SCG (2). Starting from 52 hr p.i., First-order parasympathetic neurons supplying the na-
sal cavity are located in the pterygopalatine gangliongE0 bgal/ PrV produced the infection of a few neurons in
the intermediolateral cell group (IML) of spinal segments (PG). In the rat, the PG is permissive to PrV after intrana-
sal inoculation (22). Since this ganglion is very smallC8–T5 on the side ipsilateral to the infected SCG (Table
1 and Fig. 2B). This was consistent with retrograde trans- in mice and could not be easily dissected, infection of
parasympathetic pathways was only studied in the supe-neuronal transfer from the SCG. The minimum time re-
quired for infection of the IML (52 hr p.i.) was similar for rior salivatory nucleus (SSN), which contains the second-
order neurons that supply the PG. With gE0 bgal/ PrV,gE0 bgal/ PrV and rescued virus, but the efficiency of
the infection was much lower for gE0 bgal/ PrV. Even the SSN was not infected even at 118 hr p.i. (Table 1,
Fig. 2D), whereas it was heavily infected at 52 hr p.i. byat 100–118 hr p.i., only a few infected neurons were
found in the IML and only in some animals (Table 1, Fig. rescued virus (Fig. 2C). This may signify either that gE0
bgal/ PrV was unable to infect the PG or that the mutant2B), whereas with rescued virus the infection consistently
comprised many neurons in the IML and a few neurons was not transferred transneuronally in parasympathetic
pathways, as in trigeminal pathways (see above).in medial sympathetic cell groups (Fig. 2A).
In the first relay of trigeminal pathways, i.e., the trigemi- This study provides a detailed analysis of the penetra-
tion and propagation of a gE0 bgal/ PrV mutant and itsnal ganglion (TG), a few infected neurons could be de-
tected at 24 hr p.i. (Table 1). At 52–118 hr, their number rescued virus in olfactory, trigeminal, sympathetic, and
parasympathetic pathways supplying the nasal cavity. Itincreased to several hundreds (Table 1, Figs. 1C and
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From the nasal mucosa, gE0 bgal/ PrV could propa-
gate to the first relay of trigeminal and sympathetic path-
ways (TG and SCG). However, infection of the TG was
always less efficient with gE0 bgal/ PrV than with res-
cued virus (Figs. 1A, 1C, and 1E). In contrast, infection
of the SCG reached the same extent, although it took
more time to develop (76–118 hr for gE0 bgal/ PrV,
compared to 52 hr for rescued virus) (Figs. 1B, 1D, and
1F). Beside the neurons infected from the nasal cavity,
infection of the TG and SCG can also reflect local spread
of PrV within these ganglia (2, 29). Therefore, the reduced
infection of the TG, as well as the slower speed of infec-
tion of the SCG with gE0 bgal/ PrV, could be due to a
number of factors, like a lower efficiency of replication
of the mutant in the respiratory epithelium, a reduced
efficiency of penetration into trigeminal and sympathetic
terminals, or a lower extent of release and local spread
of virus within the TG and SCG. At least for the SCG, the
last possibility is unlikely, because the massive infection
of this ganglion at 76–118 hr p.i. could only be explained
by extensive local spread (see above).
Although several hundred neurons were infected by
gE0 bgal/ PrV in the TG and SCG at 52 hr, more than
2 days later (100–118 hr p.i.) second-order trigeminal
neurons (Sp5) were still free of detectable virus (Fig. 2F)
and infection of second-order sympathetic cell groups
(IML) was either absent or very limited (Fig. 2B). More-
over, second-order parasympathetic neurons (SSN) wereFIG. 2. Infection of second-order neurons after intranasal inoculation
of gE-rescued virus (A, C, E, PrV immunofluorescence, 52 hr p.i.) and not infected (Fig. 2D). This is in contrast with the exten-
gE0 bgal/ PrV (B, D, F, X-gal detection, 118 hr p.i.). (A, C, E) Extensive sive infection of the IML, SSN, and Sp5 with rescued
transneuronal transfer of gE-rescued virus in sympathetic (A), parasym-
virus at 52 hr p.i. (Figs. 2A, 2C, and 2E). We can rule outpathetic (C), and trigeminal (E) pathways at 52 hr p.i.. (A) Upper thoracic
the possibility that this striking difference may reflect asegments of spinal cord; infection of many neurons in intermediolateral
lower sensitivity of bgal staining (used for the detectioncell group (IML) and medial sympathetic cell groups. (C) Rostral me-
dulla oblongata; infected neurons in superior salivatory nucleus (SSN). of gE0 PrV) compared to immunofluorescence (used for
(E) Caudal medulla oblongata; infection in the caudal part of spinal the detection of rescued virus) because these two meth-
trigeminal nucleus (Sp5). (B, D, F) sections through the IML, SSN, and
ods produce very similar results in our experimental con-Sp5, in mice infected with gE0 bgal/ PrV (118 hr p.i.). Infection of the
ditions. In fact, the extent of infection in IML, SSN, andIML involves only a few neurons (B, arrow). The SSN (D) and Sp5 (F,
Sp5 with rescued PrV at 52 hr p.i., as detected by immu-arrowhead) are not infected. Bars: 100 mm.
nofluorescence in the present study, is essentially the
same as that observed after bgal staining or immunofluo-
rescence 52 hr after infection with wild-type PrV or gG0is in the line of a systematic exploration of the role of
different glycoproteins in PrV neuroinvasiveness, using gal/ PrV (which propagates in the nervous system like
wild-type PrV). The observation that the SSN, Sp5, andthis route of inoculation. PrV mutants deleted for gE have
already been the subject of many investigations and sev- IML were not, or very poorly, infected in gE0 PrV-infected
animals even at 100–118 hr p.i. can be interpreted aseral authors have published that deletion of the gE gene
modifies PrV neurotropism. After intranasal inoculation follows: It has been clearly established that 24 hr are
sufficient for PrV to proceed from first-order to second-in mice, gE0 bgal/ PrV showed a reduced neuroinvasive-
ness, whereas the propagation of rescued virus was in- order neurons and accomplish a full cycle of multiplica-
tion in these systems (2). Since a glycoprotein mutant isdistinguishable from that of the Kaplan strain and the
gG0 bgal/ PrV mutant, which behaves like wild-type PrV likely to be affected either at the beginning of the infec-
tious process (penetration of input virus) or at the end(2). The gE0 bgal/ PrV mutant was able to infect the
murine respiratory epithelium but did not spread to the (maturation or transport of progeny virus) but not in the
replication, we can postulate that second neurons whichvomeronasal organ and secreting mucus glands, in con-
trast to rescued virus. This is in keeping with the reports did not develop signs of infection more than 2 days after
infection of first-order neurons with gE0 bgal/ PrV couldof a reduced efficiency of peripheral replication of gE-
negative mutants of PrV and HSV 1 (3, 29). not be penetrated by this mutant. This suggests that gE
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is necessary for transfer in trigeminal pathways supply- transfer in sympathetic pathways is severely reduced.
These results provide further evidence that deletion ofing the nasal cavity and that its absence does not totally
prevent, but considerably reduces the extent of transneu- gE can induce a considerable impairment in the neuroin-
vasiveness of PrV, either directly or through its associa-ronal transfer in sympathetic pathways. On the basis of
our results, gE is probably also necessary for transfer in tion with gI.
parasympathetic pathways supplying the nasal mucosa,
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